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ABSTRACT 
The ac-20 strain of Chlamydomonas reinhardi is  characterized  by low  levels  of chloroplast 
ribosomes when  grown  mixotrophically.  Ceils  can  be  transferred  to  minimal medium 
and their ribosome levels increase.  If,  at the time of transfer, cells are exposed  to  chlo- 
ramphenicol, an inhibitor of protein synthesis in the  chloroplast,  or cycloheximide,  an 
inhibitor of protein synthesis in the  cytoplasm, ribosome recovery  is  not affected; how- 
ever, recovery is blocked by exposure to rifampicin,  an  inhibitor of  chloroplast  DNA- 
dependent RNA polymerase.  It is  therefore  concluded  that  ac-20  cells  suffer  from  an 
impaired chloroplast ribosomal RNA  synthesis.  Mixotrophic  ac-20 cells  are  also  char- 
acterized  by low  rates  of  photcsynthetic  electron  transport,  disorganized  chloroplast 
membranes, and a small pyrenoid. If chloramphenicol is applied to transferred cells whose 
chloroplast  ribosome levels  have  already recovered,  recovery of photosynthetic electron 
transport and of structural integrity does not occur. Under the same conditions, eyclohex- 
imide has no effect on recovery.  It is concluded that  the  structural and photosynthetic 
lesions in ac-20 are  a  secondary consequence of the low levels of chloroplast ribosomes. 
Finally, we present evidence that  recovery of photosynthetic electron transport requires 
the transcription of chloroplast DNA. This transcription is  apparently triggered by light. 
INTRODUCTION 
In a previous study of the at-20 strain of the uni- 
cellular green alga, Chtamydomonas reinhardi (6,  12, 
18), it was proposed (6) that the primary effect of 
the ac-20 mutation was to bring about a dramatic 
reduction in the cells' ability to  produce  chloro- 
plast ribosomes. It was further proposed that, as a 
consequence  of  their  greatly  reduced  levels  of 
chloroplast ribosomes, the ac-20 cells were unable 
to  synthesize  certain  chloroplast-specific  com- 
ponents in  normal amounts.  These  components 
include several  electron-carrier molecules in the 
photosynthetic electron transport chain (12),  the 
enzyme  ribulose-I,  5-diphosphate  carboxylase 
(18),  and factcr(s)  necessary for normal chloro- 
plast  membrane  organization  and  pyrenoid 
formation (6). 
Our  proposal  that  the  at-20  syndrome results 
from  defective  chloroplast protein  synthesis was 
based largely on the  sequence of  events  we ob- 
served  in  so-called  transfer  experiments.  The 
ac-20 mutation is more strongly expressed if cells 
are  grown  mixotrophically  (in  the  light  on  an 
50  THE  JOURNAL OF  CELL  BIOLOGY • VOLUME  50, 1971 • pages 50-6~ acetate-supplemented  minimal  medium)  than  if 
grown phototrophically  (in  the  light on  minimal 
medium).  Therefore,  when  at-20  cells are  trans- 
ferred  from  mixotrophic  to  phototrophic  condi- 
tions,  a  fourfold  increase  in  chloroplast  ribosome 
levels occurs within  a  few hours.  This increase  is 
always  followed  by,  rather  than  accompanied  or 
preceded  by,  an  increase  in levels of the  affected 
chloroplast  components.  It  thus  appeared  likely 
that  the  affected components  were  dependent  on 
the chloroplast ribosomes for their synthesis. 
To  further  evaluate  this  interpretation  of  the 
ac-20 syndrome and,  in so doing, to further estab- 
lish  the  protein-synthesizing  capacity  of  the 
chloroplast  of G. reinhardi, experiments have been 
performed in which antibiotic inhibitors of chloro- 
plastic and  cytoplasmic protein synthesis are pre- 
sented  to  at-20  ceils  at  the  time  of  transfer  to 
minimal medium. The effects of the antibiotics on 
the recovery of ribosomes and  of affected chloro- 
plast  components  are  then  studied.  The  anti- 
biotics used  are rifampicin,  an inhibitor of DNA- 
dependent  RNA  polymerization  in  the  chloro- 
plast  (16),  chloramphenicol  and  spectinomycin, 
two  inhibitors  of protein  synthesis  on  chloroplast 
ribosomes  (2,  3,  8),  and  cycloheximide,  an  in- 
hibitor of cytoplasmic protein synthesis (8,  13). 
The  results  of the experiments reported  in  this 
paper indicate that  (a)  the primary lesion in at-20 
cells  is  a  defective  synthesis  of chloroplast  ribo- 
somal  R_NA  and  not  a  defective  synthesis  of 
chloroplast ribosomal protein;  (b)  the recovery of 
chloroplast  membrane  organization  and  photo- 
synthetic  electron  transport  is  dependent  on 
protein  synthesis  on  chloroplast  ribosomes  and  is 
independent  of cytoplasmic  protein  synthesis;  (c) 
the  recovery of photosynthetic  electron  transport 
involves a  light-triggered  transcription  of chloro- 
plast  DNA that  is distinct from  the  transcription 
of information  required for chloroplast ribosomal 
RNA  formation.  In  a  separate  communication, 
Togasaki will report results of similar experiments 
with at-20 that  monitor  the recovery of ribulose- 
1,5-diphosphate  carboxylase  in  the  presence  of 
antibiotics. 
MATERIALS  AND  METHODS 
Cells of the at-20 strain were grown mixotrophicaUy 
as described previously (18),  except that the concen- 
tration of sodium acetate in the culture medium was 
increased  to  0.3%  and  fresh  acetate-supplemented 
minimal medium  (15)  was added periodically to the 
culture  as  growth  proceeded,  to  assure  that  the 
amount of acetate  available to the cells did not be- 
come limiting. 
For transfer  experiments,  the final volume of the 
mixotrophic culture was 1-3 liters, depending on how 
many  cells were needed,  and  the culture  had  been 
growing 48-72 hr. Ceils were harvested, washed once 
in  minimal  medium,  and  resuspended  in  minimal 
medium. All procedures were performed under sterile 
conditions. Aliquots of 300 ml of the resuspended cells 
were placed in 500-ml  Erlenmeyer flasks.  For light- 
to-dark transfer experiments, the flasks were wrapped 
with aluminum foil and placed on rotary shakers for 
12-16  hr.  The foil was  then  removed, exposing the 
ceils to light for the final stages of the experiment. For 
light-to-light  transfer  experiments,  the  flasks  were 
placed directly in the light.  The light intensity  was 
2000 lux from daylight fluorescent lamps,  except in 
certain experiments with rifampicin to be described 
below. 
For experiments using antibiotics, stock solutions of 
antibiotics were freshly prepared  as described in the 
previous paper  (4); appropriate samples were added 
at the times indicated, to give the following final con- 
centrations: rifampicin  (Mann  Research  Labs.  Inc., 
New  York),  250  #g/ml;  chloramphenicol  (Sigma 
Chemical  Co.,  St.  Louis,  MoO,  100  #g/ml; specti- 
nomycin  (a gift from the  Upjohn Co.,  Kalamazoo, 
Mich.),  3  #g/ml;  cycloheximide  (Sigma  Chemical 
Co.),  1 ,ug/rnl. 
As pointed out in the previous paper (4), rifampicin 
is red-orange in color and acts to screen out some of 
the light available to a culture of ceils.  In certain ex- 
periments with rifampicin,  therefore,  a  culture  con- 
taining  the  antibiotic  and  a  control  culture  sur- 
rounded  by  a  bath  of a  rifampicin solution  at  the 
same concentration  were both illuminated from be- 
low at a  light intensity of 8000 lux.  Results of such 
experiments  were  the  same  as  those  carried  out  at 
lower light intensities. 
At the times indicated in the text, cells were har- 
vested. A portion of the culture was fixed for electron 
microscopy  (6)  and  the remainder was washed  and 
disrupted by sonication as previously described  (11). 
The  resulting  chloroplast  fragments  were  used  to 
assay rates of Hill reaction, using 2,6-dichlorophenol- 
indophenol  (DPIP)  as an  electron  acceptor,  with  a 
Model  14  Cary  recording spectrophotometer  (Gary 
Instruments,  Monrovia,  Calif.)  in  the  IR mode  (7, 
14). In some cases, Hill reaction rates were also meas- 
ured with whole cells, using p-benzoquinone as elec- 
tron aeceptor and  monitoring light-induced O2 evo- 
lution with  a  Clarke-type  oxygen electrode  (Yellow 
Springs Instrument  Co., Yellow Springs, Ohio). 
Procedures for counting chloroplast ribosomes from 
electron micrographs were as described elsewhere (6). 
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Chloroplast Ribosomes 
Mixotrophically  grown  a¢-20 cells  (Fig.  l) 
possess  low  levels  of  chloroplast  ribosomes  (6). 
When  such  cells are  transferred  to  minimal me- 
dium  and  placed either in  the  light  (a  light-to- 
light  transfer)  or  in  the  dark  (a  light-to-dark 
transfer), their levels of chloroplast ribosomes in- 
crease approximately fourfold (Fig. 2 and reference 
6) within a  12 hr period, the rate of increase being 
more  rapid in  the  light than  in  the  dark  (6).  A 
sensitive measure  of this increase is provided by 
the  cut-and-weigh  technique  whereby  areas  of 
chloroplast stroma  are  cut from  electron micro- 
graphs,  the  number  of  chloroplast  ribosomes 
present in the cuttings is counted, the cuttings are 
weighed,  and  a  value  of  ribosomes per  stroma 
weight is calculated (6). Typical values for control 
cells in a transfer experiment are given in Table I. 
It is seen in Table I that ff rffampicin is given to 
ac-20  cells  at  the  time  they  are  transferred  to 
minimal medium, virtually no recovery of chloro- 
plast ribosomes occurs during the ensuing  12  hr. 
In  contrast,  ff either  chloramphenicol  or  cyclo- 
heximide is given at this time, recovery of chloro- 
plast ribosomes is not affected.  The values given 
in  Table  I  are  taken  from  light-to-dark transfer 
experiments, but comparable results are obtained 
in light-to-light transfer experiments, as illustrated 
in Figs. 3-5. 
Chloroplast Membrane Organization 
Mixotrophically grown at-20 cells exhibit three 
abnormal  patterns  of chloroplast membrane  or- 
ganization (6): membrane is found in vesicles, in 
single,  unstacked  thylakoids  (Fig.  1),  and  in 
stacked thylakoids where the stack size tends to be 
larger and the stacks less confluent  than in wild- 
type cells (Fig. 1)  (5). The relative proportions of 
these three types of membrane organization vary 
considerably frGm one  cell to  the  next  and  als0 
from one culture to the next. For example, vesicles 
may be a prominent feature of cells in one experi- 
ment  and  be  only  infrequently  encountered  in 
cells from another experiment. The basis for this 
variation is not known, but it necessitates a careful 
examination of control cultures  along with  each 
antibiotic-treated  culture  before  the  degree  of 
membrane recovery in a  transfer experiment can 
be assessed. 
Following a  light-to-light transfer,  chloroplast 
membrane  reorganization proceeds after a  lag of 
about 6 hr. By 10--12 hr, membranes are arranged 
in orderly stacks of two thylakoids; no vesicles and 
few single thylakoids or high stacks are observed 
(Fig.  2).  If either rifampicin or chloramphenicol 
is given to the ac-20 cells at the time of a  light-to- 
light transfer, no recovery of membrane organiza- 
tion occurs during the ensuing 10-12 hr, although 
the  membranes  undergo  certain  rearrangements. 
In the case of rifampicin-treated cells, the thylak- 
oids tend to lie together (Fig. 3)  but they do not 
stack; in the case of chloramphenicol-treated cells, 
the  membranes  associate  into  poorly  defined 
aggregates  (Fig.  4).  On  the  other  hand,  cyclo- 
heximide does not prevent  the  assumption  of an 
orderly stacking pattern  (Fig. 5). 
When  a¢-20 cells  are  subjected  ton  light-to- 
dark  transfer,  a  dramatic  transformation  in 
chloroplast  membrane  organization  takes  place 
during  the  ensuing  12-16  hr  in  the  dark.  Most 
striking is the accumulation of huge aggregates of 
membrane  that  we  have  termed  membrane 
"piles" (6). In the present series of experiments we 
have found that such piles accumulate even when 
rifampicin, cycloheximide, or chloramphenicol is 
present; in other words, pile formation is not pre- 
vented by any of the inhibitors of protein synthesis 
that we have used. 
After the  12-16 hr dark incubation that follows 
a  light-to-dark  transfer,  cells  are  routinely  re- 
turned  to  the  light.  When  control  cells  are  ex- 
posed  to  light,  the  membrane  piles rapidly dis- 
perse and appear to give rise to smaller stacks that 
arrange themselves in  the  orderly, two-thylakoid 
arrays found in "recovered" cells (6).  The mem- 
brane piles also disappear in the antibiotic-treated 
cells  after  exposure  to  light,  but  the  course  of 
events that follows their dispersal depends on the 
antibiotic and on the time the antibiotic is  given 
to the cells. 
If either rifampicin or chloramphenicol is given 
to  cells  at  the  start  of  a  light-to-dark  transfer 
experiment and if the cells are placed in the light 
at  the end  of 12-16  hr,  the  membrane  does not 
come to assume an orderly organization as in the 
control. Instead, the membrane piles disperse and 
the membrane returns to its unstacked, disordered, 
mixotrophic state. If, on the other hand,  the cells 
are transferred to  minimal medium  and  allowed 
to incubate in the dark for  12-16 hr before either 
rifampicin or chloramphenicol is added, the anti- 
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lated  membrane  reorganization;  after  several 
hours  in  the  light  the  treated  cells are  indistin- 
guishable from the controls. 
Cyclcheximide  has  quite  a  different  effect. 
Regardless of when it is administered, it is without 
effect on  chloroplast membrane  organization: in 
its presence,  membrane  piles  accumulate  in  the 
dark and give rise, in  the  light, to orderly arrays 
of small stacks. 
Pyrenoid Formation 
We  previously  reported  that  a  pyrcnoid  is 
either  lacking  or  rudimentary  in  mixotrophic 
ac-20 cells (6).  Further examination of this point 
indicates that in fact most mixotrophic ac-20 cells 
probably possess rudimentary pyrenoids, but  be- 
cause of their small size, they arc only rarely en- 
countered  in  section.  If  100  cells of comparable 
size  are  scored  for  the  presence  or  absence  of 
pyrcnoid material in  thin  section,  40  are  found 
to  exhibit pyrenoids when  the  cells  are  from  a 
wild-type culture, whereas seven exhibit pyrcnoids 
when  the  cells  are  from  a  mixotrophic  a¢-20 
culture. 
This type of counting procedure is meaningful 
only if cells are the same size: large pyrcnoids in 
small cells will, for example, be encountered more 
frequently than large pyrcnoids in large cells, and 
so  on.  Since  ac-20 cells undergo  a  cell division 
during the course of a transfer experiment (6), it is 
not  possible  to  give  a  quantitative  estimate  of 
pyrcnoid frequencies as they arc observed during 
a  transfer experiment.  Qualitatively, however,  it 
is  quite  apparent  that  pyrcnoids  undergo  a 
dramatic increase in size during a  transfer experi- 
ment,  that both chloramphenicol and  rifampicin 
prevent this increase, and that cycloheximide does 
not affect the increase. As reported previously (6), 
pyrcnoid  recovery  proceeds  during  the  dark 
period of a  light-to-dark transfer experiment. 
Hill Activity 
The  Hill  reaction  measures  the  light-induced 
reduction of an electron acceptor where water is 
the  electron donor.  In  this paper,  Hill reaction 
rates  are  given for  the  photoreduction  of DPIP 
by chloroplast fragments. These experiments were 
also  performed  with  whole  cells  using p-benzo- 
quinone as the electron acceptor, and comparable 
results were  obtained.  Thus  the effects of the in- 
hibitors  that  are  reported  below  cannot  be  at- 
tributed to  antibiotic-produced differences in the 
way chloroplast membranes fragment when  sub- 
jected to sonic disintegration. 
As  reported  by  Levine  and  Paszewski  (12), 
mixotrophic  ac-20 ceils  have  low  rates  of  Hill 
activity, commonly  one-fourth  the  rates of wild- 
type cells.  In Figs. 6-9  of the present paper it is 
seen that the rates of mixotrophic at-20 cells vary 
between  45  and  85  #moles  of DPIP  reduced/hr 
per mg chlorophyll (chl). A  comparable range of 
variation  in  rates  is  observed  in  wild-type cells 
from one experiment to the next. Following trans- 
fer  to  minimal  medium,  Hill  reaction  rates  in 
at-20 cells increase, after a lag, in the light; in the 
dark, the rates do not increase, but after light is 
provided,  recovery proceeds without  a  lag  (12). 
In the present experiments, only initial and final 
rates  were  measured  for  a  given  set  of experi- 
mental conditions. Therefore, the straight lines in 
Figs.  6-9  do  not represent the  actual kinetics of 
recovery. 
Fig. 6 shows that if rifampicin is given to mixo- 
trophic at-20 cells at  the  start of a  light-to-light 
transfer  experiment,  recovery  of Hill  activity is 
inhibited  although  not,  in  this  experiment,  in- 
hibited completely. This  experiment was carried 
out at high light intensities in order to make cer- 
tain that the red color of the rifampicin was not 
screening  out  light  and thereby  preventing  re- 
covery. The high  light intensities may,  however, 
produce  a  partial  breakdown  of  the  inhibitor. 
Other  difficulties in  working with rifampicin are 
discussed in the preceding paper (4). It is also seen 
in Fig. 6  that if rifampicin is added at the end of 
the dark incubation period that follows a  light-to- 
dark transfer, a  complete inhibition of recovery of 
Hill activity is effected. 
When chloramphenicol is given to cells at either 
the onset of a  light-to-light transfer experiment or 
before providing light in  a  light-to-dark transfer, 
no recovery of Hill activity occurs (Fig. 7). There 
is some  indication that chloramphenicol may  be 
inhibitory to  the  photosynthetic process  itself in 
short-term  experiments  (1),  and  we  therefore 
repeated these experiments with a second inhibitor 
of  chloroplast  protein  synthesis,  spectinomycin. 
As seen in Fig. 8, identical results were obtained. 
Fig. 9 shows that cycloheximide is without effect 
on the recovery of Hill activity, whether given at 
the beginning of a  light-to-light transfer or at the 
end of a light-to-dark  incubation. 
URSULA W. GOODENOUGH AND R.  P.  LEvI~m  ac-20 CIdamydomona8 Chloroplast  53 FmVRE  1  Portion  of  an  ac-20  cell  grown  mixotrophically.  Chloroplast  ribosomes  (arrowheads)  are 
sparse.  Thylakoids  (T)  arc  unstacked  except for  a  wide band  (B)  beneath  the  chloroplast envelope. 
X  67,000. 
5t,  THE  JOURNAL OF  CELL  BIOLOGY • VOLUME  50,  1971 FIQURV. 2  Portion of an ac-20 cell transferred from mixotrophic to phototrophic conditions and incu- 
bated in the light for 8 hr.  Chloroplast ribosomes (arrowheads)  have recovered (compare with Fig.  1). 
Thylakoids  are in the process of becoming ordered into the concentric arrays  of two-thylakoid stacks 
that typify phototrophic ac-20 cells (6). A grazing section of the pyrenoid  (P) is included.  X  72,000. 
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Effect  of  Antibiotics  on  the  Recovery  of  Chlorolblast 
Ribosomes  in  ac-20  Cells  during  Light-to-Dark 
Transfer  Experiments,  as  Determined  by  the 
Cut-and-Weigh  Technique 
Initial 
chloroplast  %  in- 
ribosome level  Final chloroplast  hibition 
Antibiotic  (ribosomes/  ribosome level 16  by anti- 
added  stroma weight)  hr after transfer  biotic 
Control  20  110  -- 
Rifampicin  20  30  89  " 
(250/~g/ml) 
Chloram-  20  105  4 
phenicol 
(100/~g/ml) 
Cycloheximide  20  114  0 
(1 ug/ml) 
DISCUSSION 
The  experiments reported in  this  paper  indicate 
that the low levels of chloroplast ribosomes found 
in mixotrophic at-20 cells are the consequence of 
defective chloroplast DNA-dependent RNA  syn- 
thesis. Surzycki has shown  (16)  that the 5S,  16S, 
and  23S  species  of chloroplast  ribosomal RNA 
(rRNA)  are  among  the  products  of chloroplast 
DNA-dependent  RNA  synthesis  and  that  these 
species of rRNA are greatly reduced in amount in 
mixotrophic ac-20 (6,  17); it therefore seems most 
reasonable to conclude that a  primary, if not the 
primary, lesion suffered by mixotrophic a¢-20 cells 
is  a  reduced  ability  to  synthesize  chloroplast 
rRNA. This lesion is apparently not accompanied 
by  a  reduction  in  the  synthesis  of  chloroplast 
ribosomal proteins or in the synthesis of the chloro- 
plast DNA-dependent RNA polymerase enzyme. 
A sizable store of these proteins must exist in mixo- 
trophic  at-20  cells,  for  when  chloroplast  rRNA 
synthesis  is  stimulated  by  transfer  to  minimal 
medium,  chloroplast ribosomes  assemble  in  the 
presence of either chloramphenicol or cyclohexi- 
mide.  In  other  words,  in  order  for  chloroplast 
ribosome levels to recover, RNA synthesis in the 
chloroplast must  occur  but  protein  synthesis  in 
the chloroplast or in the cytoplasm need not occur. 
Our experiments also indicate that three other 
aspects  of  the  at-20  "syndrome"--disorganized 
membrane  structure,  rudimentary  pyrenoids, 
and  defective  Hill  activity--are a  direct  conse- 
quence of the reduced levels of protein synthesis in 
the mixotrophic ac-20 chloroplast. In the presence 
of  chloramphenicol,  recovery  of  these  three 
parameters is not observed even after chloroplast 
ribosome levels have recovered; in contrast, cyclo- 
heximide does  not prevent  their  recovery.  Thus 
we  can  conclude  that  translational steps on  the 
chloroplast ribosomes of C. reinhardi are themselves 
sufficient  to  bring  about  dramatic  changes  in 
chloroplast  membranes,  in  pyrenoid  formation, 
and in photosynthetic capacity. These results are 
in  full  accord  with  other  studies  of C.  reinhardi 
(1,  4,  6,  9,  12,  18)  and  provide further  support 
for  the  conclusion  that  chloroplast protein  syn- 
thesis plays a  significant role in  the  construction 
of a functional chloroplast in this organism. 
The  application of protein-synthesis inhibitors 
to  ac-20  cells  at  various  times  after  transfer  to 
minimal medium has provided a  greater under- 
standing of the recovery process itself. First, it has 
become  apparent that the  dramatic piling up  of 
thylakoid membranes that occurs during the dark 
period of a light-to-dark transfer is not an obligate 
phase  of recovery.  Rather,  it  appears  to  be  a 
response of the at-20  thylakoid membranes  to  a 
dark  incubation  in  minimal  medium.  The  re- 
sponse does not require RNA or protein synthesis 
since it occurs in the presence of rifampicin, chlcr- 
amphenicol,  and  cyeloheximide.  Moreover,  if 
cells are presented with either rifampicin or chlor- 
amphenicol  (but not cycloheximide) at the  start 
of  a  light-to-dark  transfer  experiment  and  are 
exposed  to  light after  12  hr,  the  large piles dis- 
perse but they do  not give rise to  normal mem- 
brane structures. Thus the membrane piles do not 
represent,  as was previously suggested (6),  stores 
of membrane material that are "potentiated" for 
the  formation  of normally  organized  thylakoids 
once light is provided. 
In spite of the fact that the visible alterations in 
membrane  conformation  that  occur  during  the 
dark period are not morphological manifestations 
of the recovery process, it is nonetheless clear that 
alterations in  ac-20  chloroplast membranes  that 
depend  upon  chloroplast  protein  synthesis  do 
occur  during  the  dark  period.  This  is  demon- 
strated by the observation that if either rifampicin 
or  chloramphenicol  (but  not  cycloheximide)  is 
given at the start of the dark period, normal mem- 
brane  configurations  never  form  in  the  ensuing 
light period,  whereas  if either rifampicin, chlor- 
amphenicol, or cycloheximide is given to ceils at 
the end of the dark period, membrane reoganiza- 
tion proceeds normally when the cells are exposed 
to light. Thus the process of membrane reorgani- 
56  THE JOUUNAL OF C~LL BIOLOGr • VOLUME 50, 1971 FIOURE 8  Portion of an ac-20  cell tralrsferred from mixotrophic to phototrophic conditions and incu- 
bated in the light in the presence of 250 ttg/ml rifampicin for 11 hr. No recovery of chloroplast ribosomes 
(arrowheads) has occurred (compare with Figs. 1 and 2). Thylakoids associate in large bundles but stack- 
ing does not usually occur between these thylakoids. )< 71,000. 
57 FIGURE 4  Portion of an ac-20 cell transferred from mLxotrophic to phototrophic conditions and incu- 
bated in file light in the presence of 100 gg/ml chloramphenicol for 10 hr. Chloroplast ribosomes (arrow- 
heads) have recovered (compare with Figs.  1 and ~). A short region of normal stacking (S) is included 
in the field, but most of the membrane lies in ill-defined aggregates (the poor definition of these aggre- 
gates is not the result of an oblique sectioning angle; most cells in the sample exhibit a preponderance 
of similar profiles). A region of chloroplast DNA is indicated (DNA).  X  71,000. 
58 FmtrRE 5  Portion of an ae-20 eel[ transferred from mixotrophic to phototrophie conditions and incu- 
bated in the light in the presence of  1 gg/ml cycloheximide for 1~ hr.  Chloroplast ribosomes  (arrow- 
heads) have recovered (compare with Figs. 1 and ~). Thylakoids are in the process of becoming otxtered 
into two-thylakoid stacks.  ×  71,000. 
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FZGURE 6  The effect of 250 gg/m! rifampicin on the 
recovery of DPIP-Hill activity in mixotrophic ac-~O 
cells  transferred  to  minimal medium at  0  hr.  Open 
symbols represent values from  a  light-to-light trans- 
fer  experiment,  and closed  symbols represent values 
from  a  light-to-dark  transfer  experiment.  Control 
values are indicated by circles  and solid lines. Values 
from rifampicin-treated cells are symbolized by hexa- 
gons and dashed  lines. :For the light-to-dark transfer 
experiment, the reaction rates at the beginning and at 
the end of the dark incubation period are given; the 
two values are connected by a  dot[ed line. The time 
that  light  is  provided  in  the  light-to-dark  transfer 
experiment is indicated. Rifampicin was  added to the 
experimental cultures  at  the  times  indicated by  the 
thinner arrows. 
zafion  in  ac-20  appears  to  involve  two  phases: 
a  light-independent,  synthetic  phase  that  is 
dependent on protein synthesis in the chloroplast 
but not in the cytoplasm, and a  light-dependent, 
organizational phase  that  is independent of pro- 
tein  synthesis,  during  which  the  "potentiated" 
membranes formed  in  the dark  are  rapidly  ar- 
ranged  into  their  more  orderly  morphological 
configurations. The existence of these two phases 
cannot  be  readily  detected  in  light-to-light 
experiments  because,  in  such  experiments,  syn- 
thesis and organization occur concurrently. 
The stimulation of membrane reorganization by 
light apparently involves an interaction between 
light  and  chloroplast  membranes  that  is  not 
mediated  by  RNA  or  protein  synthesis.  Our 
experiments also indicate a second role for light in 
the  recovery  process.  If  cells  are  exposed  to 
rifampicin,  chloramphenicol,  or  spectinomycin 
(but  not  cycloheximide)  at  the  end  of the  dark 
period  (a  time,  it will be  recalled,  when chloro- 
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FIOVRE  7  The effect  of  100  gg/ml chioramphenicol 
on  the  recovery  of  DPIP-Hill  activity  in  mixo- 
trophic at-gO cells transferred to minimal medium at 0 
hr.  Symbols are as described for :Fig. 6  except  that 
values  from  chloramphenicol-treated  cells  are  sym- 
bolized by squares,  and  the  thinner arrows  indicate 
the  times of  addition of chloramphenieol. 
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FZGURE 8  The effect of 3 pg/ml spectinomycin on the 
recovery of DPIP-Hill activity in mixotrophic ac-~O 
cells transferred to minimal medium at 0 hr. Symbols 
are  as  described  for  Fig.  6  except  that  values from 
spectinomycin-treated  cells  are  symbolized  by  tri- 
angles,  and the thinner arrows  indicate the times of 
addition of spectinomycin. 
plast  ribosomes  have  already  formed),  no  re- 
covery of Hill activity occurs, even though mem- 
brane reorganization is not blocked. Thus light is 
apparently required  to  trigger,  and perhaps  also 
to sustain, a  chloroplast-located protein synthesis 
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FIGURB 9  The effect of 1 gg/ml cyeloheximide on the 
recovery of  DPIP-Hill activity in mixotrophic ac-~0 
cells transferred to minimal medium at 0 hr. Symbols 
are  as  described for  Fig.  6  except that  values from 
cycloheximide-treated  cells are  symbolized  by  tri- 
angles, and the thinner arrows indicate  the times  of 
addition of cycloheximide. 
that produces a photosynthetic apparatus capable 
of greatly stimulated Hill activity. The fact that 
rifampicin produces a complete block in recovery 
of Hill activity under these  experimental condi- 
tions strongly suggests that light is first required to 
stimulate a DNA-dependent  R_NA synthesis within 
the chloroplast, one that cannot or does not occur 
in the dark. The RNA so produced is apparently 
then  translated on chloroplast ribosomes  (unless 
these  are  blocked  by  chloramphenicol or  spec- 
tinomycin). Whether light is also required for the 
translational phase of the process cannot be deter- 
mined from these experiments. We believe, then, 
that our experiments indicate the  existence of a 
light-stimulated  messenger  RNA  synthesis from 
chloroplast DNA in C.  reinhardi. 
In summary, it appears that the a¢-20 mutation 
produces  a  primary defect  in chloroplast rRNA 
synthesis;  it  may  produce  a  more  generalized 
inhibition of all chloroplast DNA-directed RNA 
synthesis,  but our experiments were not designed 
to  examine this possibility. As a  consequence of 
this  defective  rRNA  synthesis,  chloroplast ribo- 
somes  are  not  produced  at  normal  levels  and 
normal synthesis of proteins required for the Hill 
reaction,  for  membrane  organization,  and  for 
pyrenoid formation cannot occur. Once cells have 
been transferred to minimal medium and chloro- 
plast ribosome levels have increased, chloroplast 
protein synthesis also  increases. The  synthesis of 
component(s)  required  for  normal  membrane 
organization and pyrenoid formation can appar- 
ently occur in either the  light or  the  dark,  but 
recovery of Hill activity appears to require a light- 
stimulated transcription of chloroplast DNA and 
thus occurs only in the light. Cytoplasmic protein 
synthesis appears not to be involved in any of the 
aspects of the at-20 recovery process  that we have 
studied;  indeed,  the  absence  of  any  effect  of 
cyclcheximide is most dramatic, for in short-term 
synchronous-culture experiments with C.  reinhardi, 
cycloheximide  produces  a  rapid  and  complete 
inhibition  of most synthetic processes  (1). 
The existence of a Mendelian gene that exerts 
an  apparent  control  over  chloroplast  DNA 
transcription  is  potentially  of  considerable  in- 
terest,  as  we  have  discussed  elsewhere  (6,  10). 
However,  the  strong  influence  of  mixotrophic 
versus  phototrophic  growth  conditions  over  the 
expression of the ac-20 mutation leads us to ques- 
tion how direct this "control" really is. 
Initial  experiments on the effects of chloramphenicol 
and cycloheximide on recovery of Hill activity were 
performed  in this  laboratory by Dr.  A.  Paszewski. 
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